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Electron transfer in the respiratory chain involves the formation of
protein–protein complexes. Their interactions are governed by long
range electrostatic attractions and short range hydrophobic reﬁne-
ments [1–3], as for example for the binding of cytochrome c (cyt c)
to the terminal acceptor of the respiratory chain, the cytochrome c ox-
idase. Computational chemistry and site-directed mutagenesis have
been intensively used to study this interaction and showed its pre-
dominantly electrostatic origin. As a consequence, most of the crystal-
lographic structures of complexes involving cyt cwere obtained at low
ionic strength [1,4]. Interestingly, the interaction of cytochrome c552
(cyt c552) from Thermus thermophilus (T. thermophilus) with one of
the terminal acceptors of the respiratory chain in this extremophile,
the ba3 oxidase, was found to bemainly ruled by hydrophobic interac-
tions. Less than one electrostatic charge was described on the interac-
tion surface [5].
Electron transfer in the respiratory chain from T. thermophilus can
follow two different pathways depending on the presence of oxygen.
At high oxygen partial pressure, electrons are transferred directly to
the caa3 oxidase whereas at low oxygen level, electrons are donated
to the ba3 oxidase via cyt c552. Cyt c552 is an 18 kDa periplasmic proteinopean Bioenergetics Conference
l rights reserved.consisting of 133 amino acids liganding a c-type heme. In direct com-
parison to analogous proteins, cyt c552 has no intramolecular water
molecule which increases the hydrophobic core of the enzyme and
thus increases thermostability. Another particularity is the presence
of two anti-parallel β-strands by the side of the heme cleft [6,7].
The ba3 oxidase is a member of the large heme–copper oxidase
family. Four redox active sites are present, a binuclear CuA center,
one b type heme, one a type heme and a mononuclear CuB site.
While formitochondrially related bacterial oxidases, two proton path-
ways have been described, only the so called K-path is conserved in
the ba3 oxidase. Additionally it can be noted that proton translocation
takes place with a reduced stoichiometry of 0.4–0.5 H+/e− [8,9].
The ﬁrst electron acceptor site in the ba3 oxidase is located in sub-
unit II. A soluble fragment of 15 kDa and 136 amino acids ismade up of
two anti-parallel β-sheets, of random coils [10] and a mixed-valence
binuclear CuA center. EPR measurements showed that the two Cu
atoms share a single unpaired electron [11]. Within the respiratory
chain, subunit II binds cyt c552. The structure of this complex was
obtained by a combined NMR spectroscopy–computational chemistry
approach and the interaction surface on either of the two fragments
has been identiﬁed as predominately hydrophobic [5,12]. This partic-
ularity may be a direct consequence of the high temperatures of the
habitat of T. thermophilus, since at high temperature electrostatic
interactions are typically weakened and hydrophobic interactions fa-
vored. Along these lines the interaction was found to be independent
from ionic strength. [13] This property allowed us to study for the ﬁrst
time the complex formed between cyt c552 and the CuA fragment by a
combined infrared spectroscopic and electrochemical method, since
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Fig. 1. Reduced–oxidized difference spectra (A) of the CuA fragment, (B) cyt c552 and
(C) the complex. Only signals from the cyt c552 are observed in the difference spectra
of the complex.
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Fig. 2. Plot of the Nernst curve for the cyt c552, the CuA fragment (inset) and cyt c552
(red) in the complex. A downshift of 90 mV for the midpoint potential of cyt c552 is ob-
served in the complex compared to free cyt c552.
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ciate the complex.
2. Materials and methods
2.1. Sample preparation
The puriﬁed CuA fragment and cyt c552 were prepared as reported
before [3,12,14]. The concentration of the cyt c552 and the CuA fragment
were determined in the UV–vis (εred-ox 552 nm=21.0 mM−1 cm−1 and
ε530 nm=3.1 mM−1 cm−1 respectively)[3]. For electrochemistry, the
proteins were concentrated to approximately 2 mM in 30mM phos-
phate buffer at pH 7 and 30 mM Tris buffer at pH 9, with 100 mM KCl.
The complex was obtained by incubating an equimolar amount of
each protein for about12 h at 5 °C.
2.2. Redox potentiometry
The spectroelectrochemical cell mounted with CaF2 windows was
used for the redox titration of the proteins as reported before [15,16].
The working electrode was a gold grid modiﬁed with a 1:1 ratio of
1 mM cysteamine and 1 mM mercapto propionic acid. The reference
electrode used was an Ag/AgCl 3 M KCl electrode; 208 mV has been
added to obtain the potentials vs SHE′.
The redox dependent signal of either the heme or the CuA center
was followed between 300 and 800 nm using a Cary 300 UV–vis spec-
trometer. The contributions were obtained from redox titrations that
were performed by stepwise setting the potential and recording the
spectrum after an equilibration of 15 min for each potential step. Typ-
ically, data were recorded using 50 mV steps between −0.30 V and
0.30 V vs Ag/AgCl. All measurements were performed under tempera-
ture control at 10 °C. The electrochemical titrations were found to be
reversible as controlled by comparing fully oxidized minus fully re-
duced visible difference spectra at different points in the experiments.
The midpoint potentials Em were obtained by adjusting a calculated
Nernst curve to the measured absorbance change at a chosen single
wavelength with the help of the program ORIGIN. The analysis was
conﬁrmed for several wavelengths and measurements. The error for
the given values is 5–10 mV.
2.3. Mid infrared difference spectroscopy
Electrochemically induced FTIR difference spectra were recorded
as a function of the applied potential using a setup combining an IR
beam from the interferometer (Vertex 70, Bruker, Germany) for the
4000–1000 cm−1 range. The spectroelectrochemical cell was used as
previously reported and the redox difference spectra were recorded
and processed as previously described [17]. Temperature was main-
tained at 5 °C. Equilibration generally took less than 4 min for the
full potential step from−0.3 to +0.3 V vs Ag/AgCl. Difference spectra
as presented here were calculated from two single-beam spectra, with
the initial spectrum taken as reference. Typically, 2×256 interfero-
grams at 4 cm−1 resolution were coadded for each single-beam spec-
trum and 50–60 difference spectra were averaged. The scans were
Fourier transformed using triangular apodization and a zero ﬁlling fac-
tor of 2.
3. Results
3.1. Redox potentiometry
Fig. 1A shows the redox induced difference spectra of the CuA frag-
ment that is characterized by two broad signals at 480 and at 530 nm,
respectively. The redox dependent changes of CuA were monitored by
plotting the difference in absorbance at 530 nm against the applied
potential and by ﬁtting it to a calculated Nernst curve (inset Fig. 2).A pH independent midpoint potential of 256 mV (48 mV vs Ag/AgCl)
was found to be in good correlationwith the value of 240 mV reported
previously [18].
In Fig. 1B large signals are observed in the Soret region at 405 and
423 nm and smaller changes are observed at 524 and 552 nm. This
corresponds to the well-known difference spectrum of cyt c552. The
1952 Y. Neehaul et al. / Biochimica et Biophysica Acta 1817 (2012) 1950–1954redox dependent changes of cyt c552 were monitored by plotting the
difference in absorbance at 552 nm against the applied potential and
by ﬁtting a calculated Nernst curve (Fig. 2). A mid-point potential of
212 mV (4 mV vs Ag/AgCl) was obtained. Also this potential is inde-
pendent of the pH and in good correlation with the value of 200 mV
reported previously [19].
The UV–vis difference spectrum of the complex formed by cyt c552
and the CuA fragment seen in Fig. 1C, is similar to the difference spec-
trum of cyt c552 alone. The spectral features of the CuA (ε530 nm=
3.1 mM−1 cm−1) fragment cannot be depicted due to the high absorp-
tion coefﬁcient of the c-type heme (εred-ox 552 nm=21.0 mM−1 cm−1)
[3]. As a consequence only the redox potential of the cyt c552 can be
monitored in the complex by this method. A midpoint potential of
125 mV (−83mV vs Ag/AgCl) was observed for the complexed cyt
c552 (Fig. 2). This corresponds to a downshift of almost 90 mV of the
cyt c552 due to the formation of the electron transfer complex.
3.2. Electrochemically induced FTIR difference spectroscopy of the indi-
vidual proteins
In order to get access to the redox dependent changes of the pro-
teins upon interaction, electrochemically induced FTIR difference
spectra of the individual proteins and of the complex were recorded.
The difference signals represent the total of the molecular changes
concomitant with the redox reaction of all cofactors including confor-
mational changes, charge redistributions at the cofactor sites and
coupled protonation reactions [20–22].
Themost intense signals are large differential features in the amide
I range from 1700 to 1600 cm−1 that include contributions from the
ν(C_O) vibration of the polypeptide backbone. The exact position of
these modes depends on the hydrogen bonding strength and is thus
related to the type of secondary structure [23]. The electrochemically
induced FTIR difference spectrum of the CuA fragment at pH 7
(Fig. 3A), show prominent signals involving the ν(C_O) stretching
mode from the backbone in the amide I region at 1688, 1657, 1649
and 1634 cm−1 respectively. These signals suggest that the fragment
undergoes small structural alterations. Based on the distribution of
these modes over the amide I range, we suggest that there is move-
ment of more than one structural element, including β-sheets and
loops upon redox reaction of the CuA [23,24]. The so called amide II re-
gion (1590–1530 cm−1) includes signals from the coupled ν(CN/NH)
vibration of the backbone. Here signals at 1573, 1550 and 1527 cm−1
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Fig. 3. Oxidized–reduced difference spectra of the CuA fragment at pH 7 (A) and 9 (B).In addition to the modes from the polypeptide backbone, signals
from individual amino acids arise in the electrochemically induced
FTIR difference spectra. On the basis of model compound spectra of
the amino acids in aqueous solution and the study on other proteins
and site-directed mutants, speciﬁc positions are of interest [25,26].
The large difference signal at 1688/1657 cm−1 concomitant with
the oxidized and reduced form, respectively, may also involve the co-
ordinates of the ν(C_O) vibrational mode of Asn and Gln, and the
ν(CN3H5)as from arginine. The large spectral feature at 1634 cm−1
may involve, in addition to the contributions of the backbone, the
ν(CN3H5)s from arginines.
The ν(C_O)mode from protonated asp/glu amino acid side chains
is expected between 1780 and 1715 cm−1 and at approximately 1705
to 1680 cm−1 for heme propionates [27–29]. Contributions from
heme propionates may thus be involved within the broad signal at
1688 cm−1. Modes typical for deprotonated acidic residues are
expected to occur at 1580–1530 cm−1 and 1480–1380 cm−1 from
the ν(COO−)s/as vibrational modes. Several contributions can be
depicted in these spectral areas, and signals from deprotonated resi-
dues deduced at 1573, 1550 cm−1.
The contributions at 1089 cm−1 mainly arise from the P_O vibra-
tion of the phosphate buffer.
Signals from the Cu site itself can only be expected below 500 cm−1.
We note that the mid-IR difference spectrum of the CuA fragment has
been presented previously and that the data obtained here show the
same spectral features [30].
In the spectra obtained for pH 9 (Fig. 3B), signals are observed at
1688, 1660, 1644 and 1632 cm−1 in the amide I region. In direct com-
parison to the difference spectra at pH 7, small shifts can be depicted to-
gether with a signiﬁcant decrease in intensity of signals at 1644 and
1632 cm−1. The Tris buffer contributes with small signals at 1640,
1550 and 1089 cm−1. A clear pH dependence is seen in the electro-
chemically induced FTIR difference spectra, mostly involving the
amide I range. In light of the independence of the redox potential with
the pH, it is suggested that these changes do not affect the Cu-site.
The electrochemically induced FTIR difference spectra of cyt c552 at
pH 7 are shown in Fig. 4 (A). In the amide I region, signals are observed
at 1666, 1652, 1631 and 1610 cm−1 revealing small conformational
changes upon the induced redox reaction. The most prominent signal
is seen at 1666 cm−1, at a position typical for β-turn structural ele-
ments. The signal at 1652 cm−1 reveals the involvement of α-helical
structures. In the amide II region signals are observed at 1555, 1546ΔAbs = 0,002
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Fig. 4. Oxidized–reduced difference spectra of the cyt c552 at pH 7 (A) and pH 9 (B).
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1953Y. Neehaul et al. / Biochimica et Biophysica Acta 1817 (2012) 1950–1954and 1535 cm−1. However, several signals overlap in this spectral
range.
The signal at 1720 cm−1 can be attributed to the ν(C_O) stretching
mode of protonated Asp/Glu residues [20,28]. At 1707 and 1695 cm−1
the respective signals for the protonated heme propionates may be
expected [27]. Signals from deprotonated acidic residues are expected
between 1580 and 1520 cm−1 for the ν(COO−)as and between 1480
and 1320 cm−1 for the ν(COO−)s [28]. The signal at 1678 cm−1 is
typical of the ν(CN3H5)as vibrational mode from Arg; the respective
symmetric vibration being included in the spectral area around
1630 cm−1, a spectral range that involves several overlapping features
[31]. Another amino acid that presents a prominent signal in infrared
spectra is Tyr [32,33]. The coupledν CC, δ CHmode at 1516 cm−1 is typ-
ical for the Tyr of the neutral form, the signal at 1501 cm−1 is attributed
to the deprotonated form. This protonation event of a tyrosine is also
described for other cytochromes c in electrochemically induced FTIR
difference spectra [15,34]. Further Tyr signals are involved between
1290 and 1270 cm−1.
In addition to the signals from the backbone and the speciﬁc side
chains, contributions from the porphyrin ring contribute to the v38 vi-
brational mode at 1631 cm−1 and the δ42 vibrational modes mode at
1535 cm−1, together with the CH vibration at 1237 cm−1 [29,35]. The
numbering of these vibrations originate from the work of Spiro and
colleagues [36].
No signiﬁcant pH dependency is observed for the electrochemical-
ly induced FTIR difference spectra between pH 7 and pH 9 (Fig. 4B).
The changes in the spectral region between 1200 and 1000 cm−1
can be attributed to signals from the buffer.
3.3. Electrochemically induced FTIR difference spectroscopy of the
complex
Fig. 5 shows the spectra of the CuA–c552 complex at pH 7 (A) and
pH 9 (B). In order to highlight the changes induced by the complex
formation, double difference spectra are calculated by subtracting
the difference spectrumof the complexminus the difference spectrum
obtained for CuA. The resulting double difference spectra reﬂect the
features of the c552 plus the changes induced by complex formation
and are shown in Fig. 6 in direct comparison to with the data for
c552, both at pH 7 and pH 9.
Clearly a number of differences between the double difference spec-
tra and the data of the c552 are seen. Variations in the amide I range1800 1700 1600 1500 1400 1300 1200 1100 1000
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Fig. 5. Oxidized–reduced difference spectra of the complex formed by the CuA fragment
and cyt c552 at pH 7 (A) and 9 (B).around 1650 cm−1 reveal small changes of the conformation upon
complex formation. These shifts are also depicted in the amide II
range around 1520 cm−1. The signals at 1678 and 1630 cm−1, tenta-
tively attributed to the ν(CN3H5)as/s vibrational mode from Arg, are
also perturbed. Importantly shifts can be found in the spectral range
speciﬁc for protonated and deprotonated acidic residues and heme pro-
pionates, respectively. The signal of the mode at 1695 cm−1 is signiﬁ-
cantly increased revealing changes on the heme propionates. Features
around 1575 cm−1 and 1406 cm−1 reﬂect changes of ν(COO−)s/as vi-
brational modes for both pH values.
4. Conclusion
In this study the complex between cyt c552 and the CuA fragment
from T. thermophilus was investigated by a combined electrochemical
and infrared spectroscopic technique. Upon complex formation a
downshift of the redox potential of 90 mVwas found. It is conceivable
that the shift of the redox potential is based on the surface interaction
with the partner protein, the differences being caused by the change
in solvent environment. Interestingly, the potential effect of the c552
interaction was previously probed on the basis of interactions of the
surface with self-assembled monolayers and characterized by a com-
bined electrochemical and Raman spectroscopic approach. A prefer-
ence for interaction with a mixed hydrophobic and polar surface
was reported and, importantly, the redox potentials were modulated
by the surface interaction [37]. Alternatively, however, these shifts
may be modulated by local structural changes or perturbations of
the overall structure and the cofactors.
Redox induced FTIR difference spectroscopy on the complex in di-
rect comparison to the isolated proteins, revealed conformational
changes and the shifts in the environment of the heme propionates
in c552 to be part of the effect. Along these lines a previous study of
the same complex by a combined NMR spectroscopy–computational
method revealed that the amino acids which show the highest per-
turbation on complex formation are those located on the interaction
surface around the heme cleft and, Ala34 and His32 located on the
backside of the heme cleft. It has been suggested that His32 and
Arg125, together with the heme propionate A form a hydrogen bond-
ing network that perturbs the heme moiety that can be depicted in
Fig. 7 [5]. In the analogous protein complex from Paracoccus denitriﬁ-
cans a tryptophane was found to be perturbed at the same position by
Fig. 7. Interaction of the CuA fragment with the cyt c552 protein as demonstrated by
NMR spectroscopy (PDB ID: 2FWL).
1954 Y. Neehaul et al. / Biochimica et Biophysica Acta 1817 (2012) 1950–1954ﬂuorescence spectroscopy, conﬁrming that this position in the prox-
imity of the heme A propionate is crucial [38].
The potential shift may be a direct consequence of the changes on
the heme propionate, observed by both approaches, NMR and infra-
red spectroscopy. This is in line with the observation from several
techniques that the redox potential of a heme can be modulated via
a heme propionate [27,39,40].
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